Weissella confusa 31, an isolate from human feces, possesses desirable properties as a probiotic strain, including bile salt resistance. W. confusa 31 is not inhibited by bile salts up to 0.3% concentration. Proteins affected by bile salts (0.05%) were examined by 2-D gel electrophoresis. Our proteomic analyses revealed that the intensities of 29 spots were changed, where 17 increased (including 2 spots observed only under the bile salts stress conditions) and 12 decreased. Proteins were identified by MALDI-TOF mass spectrometry. Proteins increased in the band intensities included adenylate kinase (12.75-fold increase), Clp-like ATP-dependent protease (11.91-fold), 6-phosphogluconate dehydrogenase (10.35-fold), and HSP 70 (5.07-fold). Some of the increased or decreased proteins are also known to be involved in other types of stress responses.
Bile salt resistance is an important property for probiotic organisms, which are incorporated into foods and feed for the purpose of improving the general health conditions of humans and animals [10] [11] . Inside human bodies, microorganisms encounter challenges such as gastric juice in the stomach and bile salts in the small intestine. Beneficial effects of probiotics can be expected only after ingested cells overcome such challenges and establish themselves successfully in the intestines. Thus the ability of an organism to survive under high concentrations of bile salts is an important characteristics to be considered, like the ability to resist against strong acidic gastric juice when probiotic organisms are selected [13] . Other properties considered desirable for probiotics include production of antimicrobial substances inhibiting pathogens, sensitivity to medically important antibiotics, and strong adherence to intestinal epithelial cells [8] . Resistance against bile salts is a part of the general stress responses of an organism, and the bile salts response is closely interconnected with responses to other stresses such as heat shock, acid shock, ethanol shock, oxidative stress, etc. [25] . Therefore, understanding the molecular mechanism of bile salt resistance will not only provide methods to improve the bile salt resistance of an organism but also deepen our knowledge on the general stress responses of an organism. Weissella confusa and other Weissella species are one of the major LAB (lactic acid bacteria) isolated from kimchi during fermentation [5, 18, 24] . Thus, it is reasonable to expect that a significant number of Weissella cells enter into our bodies daily through our diet and are excreted from our bodies. In fact, Weissella species were abundantly isolated from feces of college students [6] . Few information, however, is available on the survival and growth of Weissells species inside our bodies. Studies on the probiotic potentials of Weissella species are scarce compared with other LAB. Recently, we investigated the probiotic potential of W. confusa 31, a strain isolated from human feces with strong bile salt resistance [20] . In this study, proteins of W. confusa 31, whose synthesis was affected by bile salts, were analyzed by using a proteomic approach. Some proteins were overproduced upon bile salt exposure and the increases in transcription levels of five selected genes were confirmed by RNA hybridization.
MATERIALS AND METHODS
Bacterial Strains and Sample Preparation W. confusa 31 was previously isolated from human feces [6] 
Two-Dimensional Gel Electrophoresis and Image Analysis
Protein samples (200 µg each) were mixed with rehydration solution consisting of 8 M urea, 4% CHAPS, 10 mM DTT, and 0.2% carrier ampholytes (pH 4.0-7.0), to a final volume of 320 µl and then applied to immobilized pH gradient (IPG) strips (17 cm; Bio-Rad, Hercules, CA, USA) of pH 4.0-7.0 in a re-swelling tray (Bio-Rad). After the IPG strips were rehydrated, IEF was done using a protein IEF cell (Bio-Rad) followed by SDS-PAGE using 12% acrylamide gel, as described previously [21] . After electrophoresis, proteins were visualized by silver staining and scanned using a Fluor-S multiimager (Bio-Rad). The intensities of the spots were determined and analyzed using PDQUEST 2-D gel analysis software version 8.0 (Bio-Rad).
Spots were excised from the gels and destained with fresh chemical reducer in a 1:1 ratio of 30 mM potassium ferricyanide and 100 mM sodium thiosulfate, rinsed, and dehydrated, as described previously [21] . In-gel digestion using trypsin (12.5 ng/ml) was carried out by the method of O'Connell and Stults [23] . Digested samples (20 µl each) were transferred into clean e-tubes and dried in a vacuum. The resulting pellets were dissolved in 2 µl of 0.1% trifluoroacetic acid (TFA).
For the matrix solution, α-cyano-4-hydroxycinnamic acid (40 mg/ml) was dissolved in 50% acetonitrile and 0.1% TFA. The matrix and sample (10 µl each) were mixed and loaded into the target wells, rapidly dried, and washed using deionized water. The wells were dried for 10 min at room temperature and subjected to MALDI (matrixassisted laser desorption-ionization) TOF (time of flight)-MS (mass spectrometry) analysis using a voyager biospectrometry workstation (PE Biosystems, Foster City, CA, USA) with the following parameters: 20 kV accelerating voltage, 75% grid voltage, 0.02% guide wire voltage, 70 ns delay, and a mass gate from 800 to 3,500. The spectra were analyzed with data explorer software (PE Biosystems) and searched against the taxonomy of all entries in the nonredundant NCBI (NCBInr) database using the MASCOT peptide mass fingerprinting program (http://www.matrixscience.com). The peptide mass fingerprinting searched parameters were ±1.2 Dalton tolerance as the maximum mass error, MH1 monoisotopic mass values, allowed for one missed cleavage.
Slot Blot Hybridization W. confusa 31 cells were grown in MRS broth with or without bile salts. RNA was prepared from cells by the TRIsol-bead method using 1 ml of TRIsol (Invitrogen, Carlsbad, CA, USA) and 100 mg of zirconium-silica bead. Each 10 µg of RNA preparation was heated, denatured, and then applied onto a Hybond-XL nylon membrane (Amersham Bioscience, Piscataway, NJ, USA) using a slot blot system, SE646 (Amersham Pharmacia Biotech Inc., Uppsala, Sweden). DNA probes were prepared by PCR using primer pairs (Table 1 ) and labeled by the DIG high-prime DNA labeling and detection kit (Roche Diagnostics GmbH, Roche Applied Science, Germany). A 30 min of prehybridization and a 16 h of hybridization were done in ULTRAhyb (Ambion, Austin, TX, USA) at 42 o C and a Fuji X-ray film (Fujifilm corporation, Tokyo, Japan) was used for detection of signals. The X-ray film was scanned using the Fluor-S multiimager (Bio-Rad), and the signal intensities were determined and analyzed using the PDQuest analysis program.
RESULTS AND DISCUSSION
Bile Salts Tolerance of W. confusa 31 W. confusa 31 possesses significant resistance against bile salts and its cell numbers were even increased (128.8%) after two hour exposure to 0.3% bile salts in MRS [20] . Cell numbers of seven other Weissella strains were decreased by the same treatment and the survival ratio ranged from 2.2% to 42.6% with an average of 19.8% [20] . W. confusa 31 was inoculated into MRS broth with bile salts at different concentrations (0.05%-1.0%) and the growth was determined (Fig. 1 ). W. confusa 31 was not 
inhibited by bile salts up to 0.3% concentration as expected, but inhibited significantly at 0.5% and above concentrations. At 1% bile salts concentration, the maximum OD 600 value was 0.38, whereas that of culture with 0.3% bile salts was about 1.6. Viable counts showed a similar trend. Survival ratios of cells exposed to 0.3%, 0.4%, 0.5%, and 0.7% bile salts for 2 h were 98.4%, 10.5%, 0.8%, and 0.5%, respectively ( Table 2 ). The survival ratio was 0.02% at 1.0% bile salts. Although an increase in viable cell number was not observed this time (at 0.3% bile salts), it was clear that bile salts up to 0.3% concentration did not inhibit W. confusa 31, and cells rapidly lost viability at 0.4% and above bile salts concentration. The effect of growth stage on the bile salts resistance was examined (Fig. 2) . Cells at early log stage were the most sensitive against bile salts (0.3%) and viability was reduced significantly, whereas cells at later growth stages were not affected at this concentration. The result agreed with a general notion that younger cells are more sensitive to stresses such as heat shock, acid shock, ethanol shock, or starvation than older cells [15] .
Proteins Affected by Bile Salts in W. confusa 31 From the comparision of 2-D gel profiles, 29 spots showing at least 2-fold difference in the band intensities upon bile salts exposure were located (Fig. 3) . Protein profiles of culture at the late log or early stationary phases (OD 600 1.0) was not apparently different from that of culture at the early log phase (OD 600 , 0.5). Among the 29 spots, 15 spots had increased band intensities, whereas 12 spots were reduced by bile salts. Two spots were visible only after bile salts exposure (see below). Twenty-nine spots were identified by MALDI-TOF-MS after each spot was cut out and digested with trypsin as described above (Table 3) . Identified proteins were grouped based on their functional profiles, using NCBI COGs (clusters of orthologous groups of proteins; http://www.ncbi.nlm.nih.gov/ COG/) program (Table 4) . Identified proteins consisted of one protein involved in energy production and conversion; one in nucleotide metabolism; four in carbohydrate transport and metabolism; three in translation and ribosomal structure; three in DNA replication, recombination, and repair; one in cell envelope biogenesis and outer membrane; four in posttranslational modification, protein turnover, and chaperones; three in signal transduction mechanisms; and nine with unknown function. Energy production and conversion. Spot number 1 (B1) was identified as the beta-subunit of F o F 1 -ATP synthase (Table 4 ). This enzyme consists of two parts; F 1 , a cytoplasmic part consisting of five subunits (α, β, δ, γ, ε), and F 0 , an integral membrane complex serving as a proton channel with three subunits (a, b, c) [19] . F o F 1 -ATP , control (0% bile salts); , sample (0.3% bile salts).
synthase either synthesizes ATP by using protons, or hydrolyzes ATP with the concurrent expulsion of protons out of the cell. We recently showed that the production of F o F 1 -ATP synthase was increased in a Lactobacillus plantarum strain when the strain was under ethanol stress [21] . Thus F o F 1 -ATP synthase must play important roles in cells under stresses including bile salts and ethanol. One proposed role is it maintaining the intracellular pH favorably under acidic environments by pumping out protons at the expense of ATP. This role is especially important for Proteins (200 µg) were first separated on an IPG strip of pH range 4.0-7.0 and then separated by SDS-PAGE using a 12% acrylamide gel. After electrophoresis, gels were visualized by silver staining. I, cells at late log phase (OD 600 , 1.0); II, cells at early log phage (OD 600 , 0.5).
PROTEINS OF WEISSELLA CONFUSA 31 AFFECTED BY BILE SALTS 1436 organisms with anaerobic fermentative metabolisms such as LAB. In fact, the enzyme was found to be essential for the growth of Lactococcus lactis [19] . A similar role was proposed for the growth of Bifidobacterium animalis in the presence of bile salts [28] . Nucleotide metabolism. B3 showed a 12.75-fold increase in the intensity upon bile salts exposure and was identified as an adenylate kinase/nucleoside-diphosphate kinase. The enzyme is involved in adenine synthesis, catalyzing the synthesis of ATP from ADP and ADP from AMP [27] . Thus, the enzyme contributes to the increased ATP level in cells like F o F 1 -ATP synthase. Different results, however, were reported for a Bifidobacterium longum strain exposed to bile salts (0.6 g/l and 1.2 g/l) where synthesis of the enzyme was reduced compared with the control. It was suspected that the pathway for ATP synthesis was redirected into substrate-level phosphorylation based on the observation that enzymes involved in the glycolytic pathway were activated. Thus, the discrepancy between our result and theirs might be caused by different pathways for ATP synthesis in both organisms. Carbohydrate transport and metabolism. Band intensities of 4 spots were increased or decreased by bile salt stress and they were related to carbohydrate metabolism. Three spots (B8, B16, and B18) decreased in intensity, whereas one (B19) increased. B8 was identified as a pyruvate kinase, an enzyme catalyzing the conversion of phosphoenolpyruvate into pyruvate. B16 and B18 were identified as the same protein, beta-subunit of citrate lyase. Citrate lyase is the key enzyme for the anaerobic breakdown of citrate and present among LAB [12] . B19, showing a 10.35-fold increase, was identified as a 6-phosphogluconate dehydrogenase, which catalyzes the transformation of 6-phospho-D-gluconate to D-ribulose 5-phosphate in the pentose phosphate pathway, with the formation of NADPH. B. longum NCIMB 880 also overproduced this enzyme upon bile salts exposure [27] . Translation, ribosomal structure. Three spots (B2, B4, and B28) were identified as ribosomal proteins. B2 was identified as 50S ribosomal protein L7/L12 and B28 as ribosomal protein S2. B2 and B28 decreased in band intensity upon bile salts exposure, whereas B4 (30S ribosomal protein S3) increased. Previous reports showed that synthesis of some ribosomal proteins decreased but some increased. For example, B. longum NCIMB 8809 produced less 50S ribosomal protein L25 but more 30S ribosomal protein S2 and elongation factor Tu upon bile salts exposure [27] . DNA replication, recombination, and repair. B11 and B29 were identified as ATP-dependent DNA helicase (PcrA) and helicase A859L, respectively. B11 decreased (0.33-fold) but B29 increased (2.05-fold) (Table 4 ). B20, increased 2.52-fold, was identified as a DNA repair and genetic recombination protein. The reference protein for B20 is a ATPase involved in DNA repair in W. kandleri [2] . Cell envelope biogenesis, outer membrane. B10 was identified as a rod-shape-determining protein. The protein a Functional categories: C, energy production and conversion; F, nucleotide transport and metabolism; G, carbohydrate transport and metabolism; J, translation, ribosomal structure, and biogenesis; L, DNA replication, recombination, and repair; M, cell envelope biogenesis and outer membrane; O, posttranslational modification, protein turnover, and chaperones; T, signal transduction mechanisms; S, function unknown. Fold indicates the ratio of band intensity (with bile salts) divided by band intensity (control). c Two spots (B24 and B25) were detected only when bile salts were added to the medium.
has been shown to be required for maintaining the rod-like shape in many bacteria [7, 16] . This protein was shown to be repressed by bile salts in our study. H. pylori changed its primary rod-like shape to a spherical shape with blebs on the cell surface when exposed to bile [14] . The results indicate that this protein might play some important role in the morphological changes of Weissella species. Posttranslational modification, protein turnover, chaperones. Proteins induced by bile salts include general stress proteins involved in protein protection and degradation. B5 and B6 were identified as the same heat-shock protein (HSP70) and both increased, 5.07-and 4.47-fold, respectively. B12 (2.69-fold increase) was identified as a chaperone protein, DnaK. Proteins known as molecular chaperones play important roles in the renaturation of denatured proteins in the cell and they also help nascent proteins to fold into active, 3-D structures [30] . Thus, overproduction of them can be expected in cells exposed to bile salts. B14 was identified as an ATP-binding subunit of Clp-like ATPdependent protease. Clp protease is a member of the ATPdependent proteases, which play important roles by degrading inactive or foreign proteins and regulatory proteins, and the enzyme requires ATP for the hydrolysis of peptide bonds [9] . Clp protease seemed to degrade denatured proteins upon bile salts exposure, thus providing amino acids and peptides for synthesis of necessary proteins. The band intensity increased quite significantly, 11.91-fold, indicating its importance for the viability of cells. Signal transduction mechanisms. Three proteins were grouped into this category (B7, B17, and B22). B7 was identified as an adenylate cyclase and B17 as a stress response membrane GTPase. Intensities of both spots decreased significantly, 0.23-fold for B7 and 0.22-fold for B17. Adenylate cyclase is a regulatory protein transmitting signal from outside to inside of cells [3] . It converts ATP into cAMP, which is an important regulatory molecule. B17, a stress response membrane GTPase, belongs to the G protein family, a group of proteins involved in transducing outside signals into the cytoplasm of cells, which eventually leads to expression of various genes [22] . One enzyme known to be affected is adenylate cyclase. Reduced production of both GTPase and adenylate cyclase indicates that proteins induced by both proteins are not demanded for bile salts stress responses. B22 was overproduced (3.86-fold) and identified as a universal stress protein. The universal stress protein, Usp, of Lactobacillus antri DSM 16041 is a small cytoplasmic protein overproduced upon exposure to stresses (http://www.ncbi.nlm.nih.gov/protein/ ZP_05745175). Proteins with unknown function. B24 and B25 were observed only in cells under the bile salts stress, indicating that they might have some important roles for survival of cells under bile salts stress. Both were identified as a protein homologous to myosin-cross-reactive antigens (MCRA). Since both spots differ slightly from each other in pI values with the same molecular weights, they are likely to be the same protein, MCRA. Some MCRA-like proteins have been reported to possess fatty acid hydratase activity [29] . It was shown that MCRA from Streptococcus pyogenes M49 is a protein with FAD, which converts C-16 (9Z) and C-18 (9Z and 12Z) fatty acids with double bonds into 10-hydroxy and 10,13-dihydroxy fatty acids, respectively [29] . Recently, Rosberg-Cody et al. [26] reported that when a MCRA gene from Bifidobacterium breve was expressed in a Lactococcus lactis host, the host survived better from heat and solvent stresses. The result indicated that MCRA somehow protected cells from stresses in addition to catalyzing hydroxylation of fatty acids. The same protective role can be assigned for the MCRA homolog of W. confusa 31. B23 and B26, increased in band intensities 8-10-fold, also seem to be the same negative regulator of septation ring formation. B27 was identified as a possible membrane protein, LemA. The functions of these proteins are unknown. Four proteins (B9, B13, B15, and B21) were identified as hypothetical proteins of Lactobacillus strains. Slot blot hybridization. Transcript levels of five selected genes, whose protein products (B3, B14, B19, B23, and B24) increased significantly by bile salts, were examined by RNA hybridization. A primer pair for each target gene was designed from nucleotide sequences of W. confusa LBAE C39-2 [1] and W. cibaria KACC11862 [17] , amplifying an ~500 bp fragment. The amplified fragment was labeled and used as a probe as described in the methods section.
All five RNA samples from culture exposed to bile salts showed stronger signals than those from the control, culture grown without bile salts (Fig. 4) . The result indicated that more transcripts were actually synthesized from these genes under bile salts stress. Transcripts encoding a putative Clp-like ATP-dependent protease, ATP-binding subunit (B14) and a 6-phosphogluconate dehydrogenase, decarboxylating (B19), showed the highest increase, 11.8-and 10.9-fold, respectively. These values were similar to the observed increase of two spots on a 2-D gel, 11.9-and 10.4-fold, respectively. The transcript encoding B23 (negative regulator of septation ring formation) increased 8.1-fold, and the transcript encoding B3 (adenylate kinase/nucleoside-diphosphate kinase) increased 1.6-fold, but spot B3 on a 2-D gel increased 12.8-fold, thus less increase in the transcript level was observed. The transcript for B24 (myosin-cross-reactive antigen) was not detected in the control but was detected from culture exposed to bile salts. The result confirmed again the observation that the protein was not produced normally without bile salts. Slot blot results matched well with observations from proteomic analyses and indicated that the control in transcription level is the primary cause for the proteomic changes.
As shown above, W. confusa 31 responds to bile salts stress by increasing or reducing the amount of some proteins. Among the overproduced proteins, some are also overproduced by other stresses such as acid or ethanol. These proteins such as HSP70 and DnaK are believed to play important roles for survival of cells under various stresses including bile salts [25] . Some proteins are, however, induced only by bile salts. Myosin-cross-reactive antigen (B24 and B25) was induced only when cells were exposed to bile salts, indicating that this protein might have a specific function that helps cells to recover from damage caused by bile salts. Therefore, not only general stress proteins but also proteins unique to bile salts are involved in the recovery process of cells damaged by bile salts. The function of each protein, whose synthesis is greatly affected by bile salts, should be studied in detail and the combined results may provide new insights on the survival strategies of Weissella species inside human intestines. Moreover, the knowledge will help to find better methods for the selection and improvement of probiotic strains with high bile salt tolerance.
